Repeated use of the same class of pesticides to control a target pest is a form of artificial selection 2 that leads to pesticide resistance. We studied insecticide resistance and cross-resistance to five 3 commercial insecticides in each of six populations of the red flour beetle, Tribolium castaneum. 4
Introduction 1
The adaptive response of pest arthropods to insecticide application is a striking example of rapid 2 Darwinian evolution, occurring over a few generations in response to a strong man-made selection 3 pressure. The ability of arthropods to evolve insecticide resistance has led in extreme cases to crop 4 failures or resurgence of vector-borne diseases (Mallet 1989; Kranthi et al 2002) . A better 5 understanding of the phenotypic and genetic basis of the evolution of insecticide resistance and 6 cross-resistance is necessary to slow resistance evolution and maintain control over pest insects. 7
Repeated use of the same class of pesticides to control a target pest is a form of artificial 8 selection that leads to pesticide resistance. Worldwide, more than 500 species of insects, mites, 9 and spiders have developed some level of pesticide resistance. The majority of currently 10 commercialized synthetic insecticidal chemistries can be grouped into four modes of action: nerve 11 and muscle function disruption, growth inhibition, respiration inhibition, and midgut disruption. 12
Of the insecticides approved for use, the vast majority act on an organism's neuro-musculature. 13
The common physiological target of theses insecticides suggests that a pest's response to treatment 14 with one insecticide will be genetically correlated with its susceptibility to other functionally 15 related insecticides. There is a large body of evolutionary genetic literature describing how to 16 estimate such genetic correlations and how to use them to predict the correlated response of traits 17 in populations, be it positive or negative, to bouts of selection (e.g., Lynch and Walsh 1998). 18 Here, we report our phenotypic and genetic estimates of resistance and cross-resistance to 19 five commercial insecticides in each of six populations of the flour beetle, Tribolium castaneum. 20
We use inbred lines derived from five of these populations to estimate two quantitative genetic 21 parameters, the heritability (h 2 ) and genetic correlation (r G ) of resistance between pesticides in 22 each population. These quantitative genetic parameters allow insight into the adaptive potential of 23 populations to evolve insecticide resistance. Heritability determines how rapidly a population 1 responds to a single selective agent, while genetic correlations determine how adaptation to one 2 selective agent indirectly affects adaptation to other selective agents (Sih et al. 2004 ). In particular, 3 positive genetic correlations imply that the evolution of resistance to one insecticide results in the 4 evolution of cross-resistance to one or more other insecticides. Negative genetic correlations imply 5 that the evolution of resistance to one insecticide results in an evolutionary increase in the 6 sensitivity to one or more other insecticides. By estimating the genetic variance and covariance of 7 resistance to insecticides with different modes of action across several populations, we are able to 8 detect geographic variation in the capacity to evolve resistance. As we report, the data suggest that 9 some populations have a past history of strong selection for resistance to some insecticides but not 10 others. We use our estimates of the genetic variance and covariance of resistance to evaluate the 11 efficacy of the insecticide resistance management strategy of "windowing," wherein the 12 application of several insecticides is rotated on a periodic basis to maintain pest-control efficacy 13 and to delay the evolution of resistance. 14 Insecticide resistance tends to be polygenic when studied in laboratory selection 15 experiments but monogenic when studied in pest insects isolated from the field (Roush and 16 McKenzie 1987; ffrench- Constant et al. 2004 ). This finding has been attributed to the difference 17 in the strength of selection imposed in the laboratory relative to that in the field. Because selection 18 is generally weaker in laboratory evolution studies, they may favor resistance based on many 19 genes, each of small effect, segregating within the experimental population. Field selection, in 20 contrast, consists of applying much higher concentrations of insecticide and therefore stronger 21 selection. As a result, the field response tends to be based on rare mutations of large effect at single 22 genes (see Figure 1 in ffrench- Constant et al. 2004 ). Laboratory selection occasionally produces 23 monogenic resistance, most often when genetic material is incorporated into the laboratory strain 1 from field populations that have already had extensive exposure to the specific test insecticide or 2 to an insecticide with cross resistance to the test insecticide. Although this dichotomy between 3 monogenic and polygenic response may be an artifact of genetic interference (see below), we 4 estimated the genetic variance and covariance of our populations for resistance at both the median 5 lethal dose (LD 50 ) and lethal dose, 90% (LD 90 ) concentrations of all insecticides. This allowed us 6 to compare the capacity for an evolutionary response at two different strengths of selection. 7
In general, the initial response of a population to strong selection depends upon either the 8 advent of new mutations or upon pre-existing alleles of major effect segregating within a target 9 population (Olson-Manning et al. 2012). When dependent on new mutations, an adaptive response 10 to strong selection is slowed by the waiting time necessary for those mutations to occur. Because 11 the evolution of insecticide resistance has been so rapid, it is likely based on existing allelic 12 variation, which in theory facilitates the most rapid adaptive response to strong selection (Olson-13
Manning et al. 2012). However, when two independently acting genes are subjected 14 simultaneously to strong selection, 'interference' occurs between them, slowing the response to 15 selection (Barton 1995) . Interference occurs between simultaneously favored alleles at two loci 16 because linked beneficial mutations arising in different individuals compete when the favored 17 allele at one locus is found by chance in a linked genetic background with the non-favored allele 18 at the other locus. Increasing the recombination rate between the two loci increases the likelihood 19 that both favorable alleles will become fixed by selection. However, with strong selection even 20 unlinked loci exhibit interference with one another (Barton 1994) . Thus, when selection is strong, 21
as it is for insecticide resistance in the field, interference occurs regardless of the chromosomal 22 distribution of the selected alleles across a genome, because strong selection creates associations 23 even between unlinked loci. Moreover, interference is asymmetric: genes of larger effect exert 1 greater interference on genes of smaller effect. Thus, very strong selection may result in a selection 2 response based on one gene of large effect even when other genes capable of contributing to the 3 adaptive response are segregating in a population. In addition, interference is relatively more 4 important to the response to strong selection in spatially structured populations, like agricultural 5 fields, because local associations between loci created by selection are broken down more slowly 6 because recombination is reduced by the deviations from random mating imposed by population 7 structure. 8
We report our studies of resistance and cross-resistance to five commercial insecticides 9 (Malathion, Sevin, Spinosad, Pyrethrin, and Imidacloprid) in the flour beetle, T. castaneum. In our 10 studies, we used a global distribution of populations (South America, North America, Europe, 11 India, and Africa) and a laboratory strain (c-SM), sequestered in the laboratory before 1940, i.e., 12 before any of the tested commercial insecticides were developed. From all populations except that 13 from Peru, we also derived a population of inbred lines by twelve generations of brother-sister 14 mating. It is unlikely that flour beetles, which are common pests of stored products harvested for 15 human consumption, have been targeted by direct application of any of the insecticides we studied. 16
However, empty grain bins are routinely treated with insecticides, like methoxychlor, malathion 17 or methoprene, prior to grain storage as a deterrent to flour beetle colonization. In addition, one of 18 our experimental populations was collected in Bhopal, India, a few years after the explosion of a 19 carbaryl insecticide manufacturing plant. In another population (Peru), a decades' long mosquito 20 abatement campaign, involving repeated application of pesticides, may have inadvertently affected 21
T. castaneum (Griffing et al. 2013). 22
In this report, we first characterize the dosage response curves for lethality in each parent 23 population for each insecticide. Notably, we discovered nearly an 800-fold difference among 1 populations in resistance to some insecticides and, as expected, the naïve laboratory population 2 was among the most sensitive of populations to most insecticides. Second, we report our estimates 3 of the heritability (h 2 ) and genetic correlation (r G ) of resistance and cross-resistance, respectively, 4 within populations (e.g., Jackson et al. 2007; Tabashnik et al. 2009 ). These estimates were obtained 5 by testing the insecticide sensitivity of inbred lines around the LD 50 and LD 90 of the parent 6 populations from which the lines were derived by inbreeding. Lastly, we use our estimates of the 7 genetic variance and covariance of resistance to evaluate the efficacy of "windowing" as an 8
insecticide resistance management strategy, where the application of several insecticides is rotated 9 on a periodic basis. 10 11
Materials and Methods 12

Commercial Insecticides 13
We tested the response of populations of T. castaneum to commercial formulations of five 14 insecticides encompassing five different classes of compounds. We purchased insecticides directly 15 from distributors (see Table 1 
Species Description 9
Tribolium castaneum, a major global pest of grain and stored products, is a model 10 laboratory organism used to develop and test important ecological and evolutionary concepts (e.g., 11
Wade 2016). This species is believed to colonize grain stores through anthropogenic movement 12 because its own dispersal abilities are limited (Drury et al. 2016 ; but see Ridley 2011 
Inter-population Covariation Bioassays 9
We assessed the resistance of adult beetles from each population in Table 2 to each of the five 10 insecticides in Table 1 . We tested the lethality of Malathion and carbaryl at 12 concentrations of 11 each insecticide: 0.00005%, 0.00015%, 0.00050%, 0.001500%, 0.005000%, 0.01500%, 12 0.05000%, 0.1500%, 0.50000%, 1.500%, 5.000% and 15.000%. Since lethality was essentially 13 0.00 at the five lowest concentrations, we eliminated the four lowest concentrations from our tests 14 of pyrethrin, imidacloprid and Spinosad. Since commercial concentrations of Spinosad and 15 pyrethrin were 0.50% and 1.0%, respectively, we did not investigate the higher concentrations for 16 either insecticide. 17 We administered an insecticide by pipetting 2 mL of a solution at the desired concentration 18 onto 400 mg of whole grain flour in a small, 20 mL weigh boat and allowed the medium to dry 19 replicate groups of 20 adults (6 populations x 8.2 dilutions on average x 6 treatments (5 insecticides 2 + control) x 8 replicates x 20 adults = 44,928 exposed beetles). Control media consisted of one 3 chip with 2 mL of distilled water, which we considered a 0.00 ppm dilution in our analysis (see 4 Analysis Section below). We recorded the number of dead adults in each replicate 18 and 65 hours 5 (139 hours for pyrethrin) after the adult beetles were introduced to a treated chip. From the 6 mortality data of these dilution series, we estimated the LD 50 and LD 90 for each population to each 7 insecticide (see Analysis Section below). 8 9
Intra-population Covariation Bioassays 10
From all populations but Peru, we created dozens of inbred lines by imposing twelve generations 11 of brother-sister mating. We assessed the levels of genetic variation (heritability) and covariation 12 (genetic correlations) of insecticide resistance by treating adult beetles from 12 inbred lines from 13 each population with each insecticide at the LD 50 concentration of the corresponding, outbred 14 parent population. As above, we pipetted 2 mL of insecticide solution onto 400 mg of whole grain 15 flour in a weigh boat and allowed the medium to dry overnight into a chip. We presented one chip 16 to each of eight replicate groups of 20 adults (5 populations x 12 inbred lines x 6 treatments (5 17 insecticides + control) x 8 replicates x 20 adults = 57,600 exposed beetles). Controls for each line 18 consisted of one chip with 2 mL of distilled water, considered a 0.00 ppm dilution as above. would fall between these concentrations. 10 11
Statistical Methods: Variance Components and Heritabilities 12
We estimated heritability of resistance for each population from the inbred line means using 13 standard quantitative genetic methods (Lynch and Walsh 1998). When a sample of inbred lines is 14 large and chosen randomly with respect to the character to be analyzed, then differences among 15 line means provide an unbiased estimate of the genetic differences among lines for the characters. 16
Under the assumption that the inbred lines are homozygous at the contributing loci, strain 17 differences must be related to additive genetic variance and not to dominance interactions within The genetic variance-covariance matrix (the 'g-matrix') summarizes the inheritance of multiple, 5 phenotypic traits. The stability of this summarizing parameter is important as it affects our ability 6 to predict how the phenotypic traits evolve by selection. To determine the stability of the 7 covariance matrices among our populations, we compared our matrixes by the method of random a set of random selection vectors is applied to each matrix in a pair of covariance matrices, the 10 vector correlation between the altered matrixes is measured. The strength of this correlation, 11 compared to the correlation of the random vectors, is a measure of the similarity of the matrices. 12
In addition to estimating the stability of g-matrices among populations, we also estimated the 13 stability of the LD 50 and LD 90 matrixes within populations. 14 15
Truncation selection 16
Response (R) to short-term selection is the function of heritability (h 2 ) and the selection differential 17
This relationship is often called the breeders' equation. The between-generation 18 change, (the response to selection) R, is the change in means between the population before 19 selection and the population in the next generation. S is the within-generation change in the mean 20 due to selection as S = µ* -µ where µ is the population mean before selection and µ* the mean of 21 the parents that reproduce (the population mean after selection). Thus, S is the difference between 22 selected parents and the population as whole (within generation). In the case of pesticide 23 application, S can be related back to the dose of insecticide applied. Assuming a normally 1 distributed polygenic basis for resistance, susceptibility should range from 0-1 with a mean of 2 0.50. If the population is treated at its LD 50 concentration, the mean before selection will be 0.50 3 and the phenotypic mean of the individuals remaining post exposure will be the mean of the normal 4 distribution as if it was truncated at 0.50 and 1. Thus, we can calculate the phenotypic mean of 5 the post exposure individuals using the truncated normal distribution. Let u be the phenotypic 6 mean of the population, sigma be the calculated phenotypic standard deviation, a be the lower 7 bound of the distribution, the truncation point, and let b be the upper bound (in this case 1). The 8 Z-scores associated with the distribution are: 9
And the estimated phenotypic mean of the surviving individuals is then: 12
where 2 is the probability density function of the standard normal distribution, and 3 is the 14 cumulative distribution function of the standard normal distribution. Thus the selection differential 15 S is equal to the difference between phenotypic mean of the selected population (E[u z ]) ) and the 16 unselected phenotypic mean (u), to give 17 4 = % 5 − % 18 6 = % 7 − % 19 6 = ℎ 9 4 20
From this, we can estimate % 7 the between generational change in LD 50 . 1 2
Change in Correlated Characters 3
The extent to which traits are genetically correlated allows us to predict the genetic change in trait 4 Y when truncation selection is applied a different but correlated targeted trait X. In this case, let 5
Xp be the population phenotypic mean for lethality to a particular pesticide, and let Yp be the 6 population mean for lethality to a second pesticide to which this population, this generation is not 7 exposed. We calculate Xo using the equations above. To determine what effect the pesticide 8 application will have on the population's resistance to the unapplied pesticides we calculate the 9 
Stochastic simulations 17
We ran evolutionary projections with the equations above and the observed quantitative genetic 18 parameters estimated from our breeding experiments.
The additive genetic variance, 19 environmental variance and heritabilities were generated at random from a truncated normal 20 distribution with a mean equal to the empirically estimated variance or heritability, a standard 21 deviation equal to standard deviation of the jackknifed among-line pseudo-values of the inbred 22 lines, and a truncation point at 0 to prevent the sampled variances from becoming negative. 23
Phenotypic variances for the simulation were the sum of the sampled additive and environmental 1 variance values. Phenotypic means for the first generation of simulations were the measured means 2 from our population work. In generations beyond 1, the phenotypic mean from the previous 3 generation (n-1) was used. For simulations in which only one insecticide is used, each generation, 4 a new random draw from the distribution of possible V A , V E , h 2 is used, the series of new means 5 are followed for a total of five generations. To produce 95% predictive intervals around these 6 estimates, the simulations are run 100,000 times and the bottom 2.50% and top 97.50% are used 7 as the range of the 95% predictive interval. 8
We also ran simulations to estimate evolutionary trajectories when insecticides with known 9 genetic correlations are rotated among generations. We used the same procedure as above, except 10 two trait means were followed simultaneously. Each with its own V A , V E , and h 2 distributions, 11 however, truncation selection is only applied to one trait each generation. The change in the 12 alternative trait is estimated using genetic change in correlated characters equations. As with the 13 single trait simulations, we use the genetic correlation and its error and the additive genetic 14 variance in the alternative trait as the sampling distributions for these estimates. 15
16
Results
17
Variation among populations 18
We discovered a wide range of resistance profiles among our populations and among insecticides. 
22
Genetic variation segregating within populations 1
We detected substantial variation among populations for resistance to all pesticides, the largest 2 difference being the 796-fold difference in Malathion LD 50 between the Bhopal and Jerez 3 populations. This variability suggests that the different histories of exposure to insecticides have 4 resulted in different levels of evolved insecticide resistance. We then turned to the question of the 5 extent the observed phenotypic variation around the population mean estimates (represented above 6 by their respective standard errors) was a result of genetic variation segregating among individuals 7 within a population. To estimate the genetic component of resistance variation, we used a set of 8 12 inbred lines. The variation among line means provides an estimate of the standing genetic 9 variation segregating with the original population and the variation among individuals within lines 10 is an estimate of the environmental or experimental variation. Each inbred line was exposed, in 11 replicate, to the population-by-insecticide specific LD 50 to determine whether genetic variation 12 was segregating in the population for susceptibility/resistance to each insecticide. 
Genetic correlations among resistance phenotypes 6
Estimation of a genetic correlation between two traits generally requires measuring the two 7 phenotypes on the same individual. This is not possible when the phenotypes are deaths on two 8 insecticides. However, because individuals from the same inbred line are nearly genetically 9 identical, we measured the response to two separate insecticides on different individuals from the 10 same set of inbred lines, whose degree of genetic relatedness is known. In this way, the correlation 11 between inbred line means can be related quantitatively to the genetic variation and covariation of 12 individual traits in the population from which the inbred lines were derived. Using this method, 13 we estimated the genetic correlations reported in Tables 3 and 4 . 14 Genetic correlations estimated near the parent population LD 50 ranged from a high of 15 +0.840 to Sevin and Imidacloprid sensitivity for the Jerez population to a low of -0.628 for the 16 Purdue population between sensitivity to Sevin and Malathion (Table 3) 
Stability of correlations among populations 1
A random skewers test (see above) showed that the genetic variance-covariance matrixes for the 2 Purdue, Bhopal and Tanzania populations were significantly similar to one another (Table 6) . Jerez 3 was also quantitatively similar to these but not significantly so, while the genetics of the laboratory 4 c-SM population were the least similar to those of the four wild populations. 5 6
Stability of correlations among concentrations 7
Only two populations, Purdue and Bhopal, were investigated for genetic correlations in the LD 90 8 response of inbred lines to multiple insecticides (Table 4 ). The correlation between inbred line 9 mean responses to an insecticide at its LD 50 and LD 90 tended to be high and positive (Table 5) : 10 five of the eight measured correlations were significantly positive, while another was borderline 11 significant (p = 0.052). A random skewers test (see above) showed that genetic variance-12 covariance matrixes for the Purdue population estimated at the LD 50 and LD 90 were essentially 13 identical (r = +0.95, p = 0,008). Those of Bhopal were similar but not significantly so (Table 6 ). 14 15
Projection and predictive intervals 16
We used the estimated narrow sense heritabilities, h 2 (Tables 1 and 2) , and the genetic correlations 17 (Tables 3 and 4) to project the evolution of insecticide resistance in response to the application of 18 one insecticide or a rotation between two pesticides at the population's LD 50 . We report 19 evolutionary change due to insecticide treatment as the fractional change in the LD 50 in Figure 3 . 20
We used the genetic correlations with heritabilities to estimate the expected change in LD 50 of one 21 insecticide due to the treatment of the population with a different insecticide. As resistance 22 evolves, application of an LD 50 insecticide concentration becomes increasingly futile (Table 9) . 23
From the stochastic projections, using parameters estimated from the Purdue population, 1
Malathion resistance would more than double (1.011-fold increase, 95% CI: 0.83-1.14) in just 5 2 generations of exposure at its LD 50 . Similarly, the two most recently approved insecticides would 3 have a greater that 50% increase in their resistance profiles after 5 generations of treatment 4 (Imidacloprid: 0.563-fold increase, 95% CI: 0.32-0.82; Spinosad: 0.691-fold increase, 95% CI: 5 0.32-1.07). We also estimated h 2 and r G for two populations at the LD 90 concentration. We find 6 that heritabilities and genetic correlations between treatments to remain constant across 7 concentrations (Table 5) as well as between populations (Table 6) . 8
To illustrate how the efficacy of windowing depends jointly on the heritability (h 2 ) and the 9 genetic correlation (r G ), we explored 4 different insecticide application strategies for controlling 10 the Purdue population (see Figure 3) . Resistance evolves most rapidly when an insecticide of high 11 heritability is applied continuously, generation after generation (Table 9 ). When the same 12 insecticide is applied periodically, resistance evolves at a fraction of the continuous rate. However, 13 the evolution of resistance is nearly halted by windowing or rotating every generation between two 14 insecticides with a negative genetic correlation of similar magnitude to the heritability. Current agricultural practices rely heavily on insecticides to control most pest species. As every 11 economically significant insect order evolves resistance to these chemicals, it is imperative to 12 develop novel genetic tools for pest control to preserve crop yields and limit disease transmission. We find that populations are highly variable from one another in their sensitivity to 20 insecticides and the data suggest that some of this variation is an evolutionary product of their 21 history of exposure to insecticides. Specifically, two of our wild populations, Bhopal and Peru, 22
have had a history of a brief but intense exposure (Bhopal) or long term exposure (Peru) to 23 Malathion and chemically related insecticides. Beetles from both populations are much more 1 resistant to pesticides overall than are beetles from c-SM, the naïve laboratory population. Another 2 aspect of our findings also indicates the importance of a population's history of exposure to 3 insecticides. In general, among the five wild populations, we observed significantly greater 4 resistance to the older insecticides, Malathion and Sevin, and much lower resistance to the more 5 recently introduced insecticides, Imidacloprid and Spinosad. Moreover, the variation among 6 populations in resistance is greater for the older insecticides and much lower for those more 7 recently introduced. 8
The large differences in resistance between and within populations allowed us to estimate 9 the heritability of resistance to each insecticide as well as the genetic correlation of resistance 10 across insecticides. These genetic estimates allowed us to test the efficacy of the pest control 11 strategy of 'windowing,' whose efficacy depends upon rotating the application of negatively 12 genetically correlated insecticides. Surprisingly, we found instances of negative genetic 13 correlations in resistance to insecticides sharing the same mechanism of action (Purdue population) 14 as well as the converse, namely, positively correlated insecticides acting on entirely different 15 pathways (Spinosad and Pyrethrin resistance in the Tanzania population). Although integrated pest 16 management strategies have been designed to insure rotation of insecticides with different modes 17 of action, the evolution of insecticide resistance depends critically on the sign and magnitude of 18 the genetic correlation of resistance between the rotated insecticides. As we showed in Figure 7 , a 19 negative genetic correlation is critical to limiting or preventing the evolution of insecticide 20 resistance. Rotation between insecticides with a positive genetic correlation of pest resistance can 21 lead to more rapid evolution of resistance to both pesticides than would the application of only a 22 single pesticide. Unfortunately, our data indicate that the sign and magnitude of a genetic 23 correlation depends not only on the pair of insecticides to be rotated but also on the specific host 1 population targeted for control. That is, rotating between Malathion and Sevin would limit the 2 evolution of resistance in the Purdue population, where the genetic correlation of resistance is 3 negative, but rotation of the same two insecticides would accelerate the evolution of resistance in 4 the Tanzania population, where the genetic correlation is positive. 5
We estimated heritability and genetic correlations at both the LD 90 as well as the LD 50 6 concentration for all insecticides for two pest populations and found that the genetic correlations 7 of resistance were nearly constant across the two concentrations. This finding is important, if it 8 proves to be general. Constancy of the genetic correlations of resistance across insecticide 9 concentrations permits the development of a management strategy that remains effective even as 10 resistance profiles evolve. Our findings support insecticide rotation as an efficacious strategy for 11 limiting or halting the evolution of insecticide resistance when the genetic correlations among the 12 rotated insecticides are negative. Therefore, we recommend the estimation of the heritability and Table 3 . The additive variance (σ A 2 ), the environmental or error variance (σ E 2 ) and the heritability (h 2 ) of the resistance phenotype for each insecticide applied to each population at the LD50 of that population. Table 9 . Means and 95% predictive intervals for stocastic simulations of the fractional increase of insecticide resistence when the Purdue populations is exposed to the chemical at its median lethal dose. 
Generation of Exposure
